Ferroptosis is a non-apoptotic form of cell death characterized by overwhelming iron-dependent lipid peroxidation, which contributes to a number of pathologies, most notably tissue ischemia/reperfusion injury, neurodegeneration and cancer. Cysteine availability, glutathione biosynthesis, polyunsaturated fatty acid metabolism and modulation of the phospholipidome are the key events of this necrotic cell death pathway. Non-enzymatic and enzymatic lipoxygenase (LOX)-mediated lipid peroxidation of lipid bilayers is efficiently counteracted by the glutathione (GSH)/glutathione peroxidase 4 (GPX4) axis. Preliminary studies suggest that bursting ferroptotic cells release pro-inflammatory damage-associated molecular patterns (DAMPs) that trigger the innate immune system as exemplified by diseased kidney and brain tissues where ferroptosis contributes to organ demise in a predominant manner. The GSH/GPX4 node is known to control the activities of LOX and prostaglandin-endoperoxide synthase (PTGS) via the so-called peroxide tone. Since LOX and PTGS products do have pro-and anti-inflammatory effects, one may speculate that these enzymes contribute to the ferroptotic process on several levels in cell-autonomous and non-autonomous ways. Hence, this review provides the reader with an outline on what is currently known about the link between ferroptosis and necroinflammation and discusses critical events that may alert the innate immune system in early phases when cells become sensitized towards ferroptosis.
Facts

•
Ferroptosis is a regulated form of necrotic cell death characterized by iron-dependent lipid peroxidation.
• GPX4 is the key regulator of ferroptosis by quenching lipid peroxidation.
• Initial data suggest that ferroptotic cells trigger the innate immune system in mouse models of brain and kidney disease.
• The glutathione (GSH)/GPX4 node controls LOX and PTGS activities via the so-called peroxide tone.
Open questions
What is the nature of DAMPs released by ferroptotic cells? What is the sequence of events causing a full-blown immune cell activation? Does an impaired glutathione (GSH)/GPX4 axis prior to ferroptosis contribute to an activation of the innate immune system via increased LOX/PTGS signaling? Are cancer cells undergoing ferroptosis immunogenic? Is there a role of ferroptosis in physiological contexts?
Ferroptosis is a regulated necrotic cell death routine characterized by the iron-dependent generation of lethal amounts of lipid hydroperoxides. It clearly differs from other forms of cell death such as apoptosis, necroptosis and pyroptosis, in morphological, biochemical and genetic terms [1] . First discovered in the context of cancer through ferroptosis inducing agents (FIN) able to elicit ferroptotic cell death in certain tumor cells, ferroptosis is now widely accepted to contribute to various disease processes related to ischemia/reperfusion injury, neurodegeneration and tissue demise [2] . Yet, to the best of our knowledge very little (if at all) is known about the role of ferroptosis in physiological processes or development [3] . Pathological conditions arising from tissue injury, degeneration and cancer are often linked to inflammatory responses. Therefore, mechanisms must be in place for immune cells to discriminate between different forms of cell death and conversely detect signals sent out by dying cells for eliciting immune responses [4] . During the normal physiological context of tissue homeostasis and development, cells dying by apoptosis generally retain plasma membrane integrity, which allows for their rapid clearance by macrophages and/or other phagocytotic cells in vivo thereby avoiding autoimmune reactions. In contrast, cells dying via necrotic mechanisms, regulated or accidental, are characterized by plasma membrane rupture and release of intracellular components such as damage-associated molecular patterns (DAMPs), an immunogenic process, also known as necroinflammation. In the context of tissue injury and degeneration it was hypothesized that DAMP accumulation can trigger both tissue inflammation and the activation of further pathways of regulated cell death in an auto-amplification manner [5] . However, the exact sequence causing the events of cell death and immune cell activation still remains elusive.
In tumor cells, ferroptosis is generally triggered by pharmacological means through FINs. Due to restricted availability of metabolically stable FINs for the use of in vivo studies in tumor-bearing mice, it remains to be investigated whether tumor cells succumbing to ferroptosis are (i) immunogenic per se, (ii) enough immunogenic to achieve proper anti-tumor immune responses or (iii) immunosuppressive by encouraging accumulation of immunosuppressive cells in the long run. As to date mere circumstantial evidence for modification of the immune system by cells that die via ferroptosis is available, further studies are warranted.
The ferroptotic death pathway
The most upstream player in the ferroptosis signaling cascade is the transmembrane cystine-glutamate antiporter system x c − , consisting of a light chain, xCT (SLC7A11), and a heavy chain, 4F2 (SLC3A2) (Fig. 1) . System x c − belongs to the family of heterodimeric amino acid transporters and functions by exchanging extracellular cysteine/ cystathionine for intracellular glutamate in a 1:1 ratio [6, 7] . Pharmacologically, system x c − can be inhibited by high concentrations of extracellular glutamate, erastin, sulfasalazine or sorafenib [1, [8] [9] [10] . Once inside the cell, cystine is reduced by glutathione (GSH) or thioredoxin reductase 1 (TXNRD1) [11] to cysteine, for further biosynthesis of the tripeptide GSH in a two-step reaction involving γ-glutamylcysteine synthetase (γ-GCS) and glutathione synthase (GSS) [12] . The enzyme γ-GCS can be inhibited by Lbuthionine-(S,R)-sulfoximine (BSO) thereby causing depletion of GSH and ferroptotic cell death. Alternatively, intracellular cysteine may be obtained via the transsulfuration pathway [13] , while intracellular glutamate for GSH synthesis can be provided by conversion of glutamine through glutaminase 2 (GLS2) [14] . Fig. 1 The core mechanisms controlling ferroptotic cell death. System x c -(a heterodimeric amino acid transporter consisting of 4F2 heavy chain and xCT (SLC7A11) light chain-the latter is shown) is responsible for the uptake of extracellular cystine. Cysteine can also be taken up by the neutral amino acid transporter ASC (not shown), which is highly relevant for in vivo conditions. Cysteine is the substrate-limiting step for glutathione biosynthesis. GSH provides electrons to the key regulator of ferroptosis, GPX4, which is one of the most efficient enzymes in reducing lipid peroxides (-OOH) in membranes to the corresponding alcohols (-OH). Recently, additional enzymes, such as ACSL4 and LPCAT that are directly involved in shaping the cellular phospholipidome, have been added to the list of enzymes contributing to ferroptosis. Oxidation of lipid bilayers during ferroptosis may occur both in an enzymatic (i.e. LOX) and non-enzymatic, autoxidative manner (i.e. radical-mediated; symbolized by the red arrow). Ferroptosis inhibitors are depicted by green boxes, whereas ferroptosis-inducing agents are marked by red boxes. ACSL4 acyl-CoA synthetase long-chain family member 4, GPX4 glutathione peroxidase 4, GSH reduced glutathione, GSSG oxidized glutathione, LOX lipoxygenase, LPCAT lysophosphatidylcholine acyltransferase, PUFA polyunsaturated fatty acid, BSO L-buthionine-sulfoximine GSH is the main substrate of glutathione peroxidase 4 (GPX4), currently regarded as the key ferroptosis regulator [15, 16] . GPX4 is the only enzyme capable of effectively reducing phospholipid and cholesterol hydroperoxides to their corresponding alcohols using two equivalents of GSH [17] . Subsequently, oxidized GSH (GSSG) is recycled to its reduced form by glutathione reductase (GSR) at the expense of NADPH/H + . Several GPX4 inhibitors have been reported to date, among them (1 S, 3 R)-RSL3 (RSL3) [16] , ML162 [18] and altretamine [19] thereby causing ferroptotic cell death. Genetic inactivation [15, 20] or inhibition of GPX4 by pharmacological means [16] results in the accumulation of high amounts of lipid peroxidation products, a hallmark of ferroptosis, also referred to as the lethal lipid signal [21] . Using lipidomics studies, attempts have been made to characterize the lethal lipid signal, which led to the identification of arachidonic (AA; C20:4) and adrenic acid (AdA; C22:4) containing phosphatidylethanolamine (PE) species that are specifically oxidized during ferroptosis execution in vivo and exactly these lipid peroxidation signals could be inhibited using the ferroptosis inhibitor liproxstatin-1 (Lip1) [21] . The enzymes, acyl-CoA synthetase long-chain family member 4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3) are involved in the incorporation of polyunsaturated fatty acids (PUFA) into membranes ( Fig. 1) . Conversely, genetic deletion of Acsl4 and to some degree Lpcat3 causes ferroptosis resistance [21] [22] [23] . The thiazolidinedione class of compounds represented by the insulin sensitizers rosiglitazone and pioglitazone efficiently inhibit ACSL4 and therefore prevent ferroptosis in vitro and in vivo [23] .
In general, accumulation of phospholipid hydroperoxides in cells is known to occur via enzymatic pathways involving either GPX4 dysfunction (see above), lipoxygenase (LOX) -mediated oxidation and/or via non-enzymatic, radical-mediated autoxidation [24, 25] . Owing to the discovery that single deletion of Alox15 fails to rescue from acute renal failure caused by Gpx4 knockout induced ferroptosis in vivo, it was suggested that not a single but multiple LOX isoforms may be involved in PUFA peroxidation and subsequent cell death by ferroptosis in mouse kidneys [15] . Recently, experimental evidence has been provided that the ferroptosis inhibitors Lip1 and Ferrostatin-1 (Fer1) and to a smaller extend α-tocopherol (αTOC) are highly efficient inhibitors of lipid autoxidation by acting as radical-trapping antioxidants (RTAs) [26, 27] .
The mevalonate pathway has also been implicated in ferroptosis modulation. The ferroptosis inducing compound FIN56 presumably activates squalene synthase (SQS) resulting in coenzyme Q10 (CoQ10) depletion [28] . In addition, statins, known as HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-coenzyme A reductase) inhibitors, sensitize cells to FIN56 induced ferroptosis either by depletion of CoQ10 or through their effects on isopentenylation of the selenocysteine-charged tRNA (Trsp, nuclear encoded tRNA selenocysteine 2 (anticodon TCA)) as part of the GPX4 selenoprotein biosynthesis pathway [28, 29] .
Association of the ferroptosis pathway with iron dependence originated from the observation that erastin-and RSL3-induced cell death can be rescued by iron chelation [30, 31] . Additionally, the iron metabolism master regulator iron response element binding protein 2 (IREB2) [1] and transferrin [14] have been associated with ferroptosis modulation. Upon ferroptosis induction, autophagy is activated to degrade the iron storage protein ferritin, mediated by the cargo receptor nuclear receptor coactivator 4 (NCOA4). The NCOA4-mediated autophagic degradation of ferritin, a process termed ferritinophagy, maintains the cellular labile iron pool and subsequently sensitizes cells to ferroptosis [32] .
Recently, FINO2 and its analogues were reported as new class of ferroptosis initiators. Compared to erastin, RSL3 and FIN56, FINO2 does not inhibit system x c − or GPX4
and does not result in depletion of GPX4 protein.
In contrast, FINO2 was shown to induce ferroptosis through a combination of direct iron oxidation, widespread peroxidation of phospholipids and indirect GPX4 inactivation in a yet unknown manner [33] .
Links between ferroptosis and degenerative diseases
A direct link between ferroptosis and human disease is still lacking. However, knockout studies performed in mice have greatly aided in our current understanding of the in vivo relevance of ferroptosis. While the whole body knockout of Gpx4 is early embryonic lethal [34] , conditional mouse models have been used to delineate the role of GPX4 in a tissue-specific manner. GPX4 plays a crucial role in protecting neuronal populations in hippocampus, cortex, cerebellum and motor neurons [20, [35] [36] [37] [38] . This protection appears to be neuronal subtype specific, as proopiomelanocortinergic and dopaminergic neurons are resistant to GPX4 depletion and ferroptosis induction [39] . Moreover, GPX4 has been shown to be essential for photoreceptor cells, endothelial cells, CD8 positive T-cells, kidney tubular cells and hepatocytes [15, [40] [41] [42] [43] . The ferroptosis inhibitors Lip1 and Fer1 protect from ischemia/reperfusion injury in kidney, liver and brain [15, 36, 44, 45] , acute renal failure [15] , neurodegeneration [36] , intracerebral hemorrhage [46] , and liver hemochromatosis [47] in vivo. Furthermore, ferroptosis inhibitors have been successfully used in cellular or ex vivo models of Huntington's disease, periventricular leukomalacia, myocardial infarction and neuronal transdifferentiation [14, 48, 49] .
Ferroptosis and cancer
Ferroptosis was first discovered as a cell death pathway that can be induced in a subset of tumor types and engineered cell lines overexpressing oncogenic RAS by the FINs erastin and RSL3 [1, 16] . Interestingly, ultrasmall poly(ethylene glycol) (PEG)-coated silica nanoparticles, were also shown to induce ferroptosis in cancer cells and tumor-bearing mice, in a manner that could be reversed by the administration of Lip1 [50] .
As many cancer cells display high levels of reactive oxygen species (ROS), they generally depend on maintenance of GSH levels for survival and proliferation [51] . Under elevated ROS conditions, endogenous cysteine production was deemed insufficient for GSH synthesis, therefore requiring uptake of extracellular cysteine/cystine via system x c − . Thus, administration of a recombinant cyst(e) inase enzyme resulted in depletion of the extracellular cysteine/cystine pool in mice and non-human primates, selectively causing cell death in cancer cells due to depletion of intracellular GSH [51] . Of note, it was demonstrated that the multikinase inhibitor sorafenib induces ferroptosis in cancer cells by acting as system x c − inhibitor [10, 52] .
Recent evidence was also provided that ferroptosis can be modulated by the bona fide tumor suppressor protein p53 [53] [54] [55] [56] [57] , and possible links between p53 and system x c − expression/activity have been reported [53, 57] . Moreover, it was shown that cancer cell lines displaying a therapy-resistant high-mesenchymal cell state are highly dependent on lipid metabolizing enzymes associated with the ferroptosis pathway. Thus, inactivation of GPX4 in these cell lines rendered cells vulnerable to ferroptotic cell death, whereas epithelial state cells remained unaffected [29] . Similarly, cells persisting treatment with certain kinase inhibitors acquired dependency on GPX4. Therefore, loss of GPX4 by genetic inactivation or pharmacological inhibition resulted in ferroptosis in vitro and prevented relapse in vivo [58] . Another study correlated the dedifferentiation status of melanoma cell lines associated with BRAF kinase inhibitor as well as cytokine resistance to ferroptosis sensitivity [59] . In terms of immunotherapy-associated cytokine-induced dedifferentiation, the authors stimulated melanoma cell lines with tumor necrosis factor α (TNFα) and interferon γ (IFNγ) (T cell secreted cytokines) in vitro and discovered that co-treatment with erastin or RSL3 resulted in increased cell death, compared to vehicle or cytokine controls [59] . These studies suggest that targeting ferroptosis could be a novel way to develop drugs in order to overcome several mechanisms of therapy resistance in cancer. A study in lung tumors showed that while suppression of the iron-sulfur cluster biosynthetic enzyme NSF1 (nitrogen fixation gene 1) alone was not sufficient to induce ferroptosis, it however predisposed cancer cells to undergo ferroptosis [60] . This led the authors to hypothesize that suppression of NSF1 activates the iron-starvation response and triggers ferroptosis in combination with inhibition of glutathione biosynthesis [60] .
The enzyme ACSL4 was found to be preferentially expressed in a subset of triple negative breast cancer cell lines and expression of ACSL4 was correlated with sensitivity to ferroptosis induction [23] . As this type of breast cancer is among the most difficult to manage, it stresses the urgency for developing new efficacious in vivo ferroptosisinducing agents for the treatment of ACSL4 expressing tumors [23] .
Signs of necroinflammation in ferroptotic tissue
Unlike the far better understood mechanisms of immunologically non-silent forms of regulated necrotic cell death routines, such as necroptosis and pyroptosis [61] , our knowledge about the role of necroinflammation in ferroptosis is still in its infancy. This is undoubtedly owed to the fact that ferroptosis was introduced only in 2012 [1] and that research performed on oxytosis, a closely related-if not identical form of cell death-was mainly performed in cell culture/organoid systems [62] , thus naturally lacking the immune compartment. Therefore, it remains to be investigated whether necroinflammation is modulating the death process per se or is activated in response to bursting of cells and concomitant release of DAMPs (alarmins).
Nonetheless, first experimental hints that markers of invading cells of the innate immune system including neutrophils, macrophages and microglial cells can be readily detected in various tissues of kidney and brain strongly suggested that ferroptotic cells indeed release potential immune-stimulating cellular components (Table 1) . Perhaps the earliest study pointing towards an activation of the immune system was the report of the first conditional knockout mouse model for GPX4 [20] . Here, neuron-specific deletion of GPX4 (using the Camk2α-Cre transgenic mouse line) caused ataxia and epileptic seizures of newborn mice and a marked loss of pyramidal cells in the CA3 region of the hippocampus. This was accompanied by strong immunoreactivity of brain tissue against glial fibrillary acidic protein (GFAP), a marker for reactive astrogliosis due to dying neurons [20] . Strong GFAP staining in the cerebral cortex of two week old mice was also reported in a model of conditional deletion of the selenocysteinespecific tRNA using Camk2α-Cre and Trsp fl/fl transgenic mice [38] . As the selenoenzyme GPX4 is nowadays accepted to be (one of) the main target(s) of selenium particularly in brain [63] , one can infer that many of the phenotypes provoked by tissue-specific deletion of Trsp are, in fact, caused by impaired GPX4 expression and activity [64] .
In two models of neuron-specific GPX4 ablation, Ran's group then demonstrated the presence of neuroinflammation (as determined by staining against the microglia marker Iba1 (Ionized calcium binding adaptor molecule 1)) in the lumbar spinal cord region of dying motor neurons and in the CA1 region of the hippocampus [35, 36] . Iba1 positivity in the cerebral cortex was also recently reported in a mouse model expressing two hypomorphic GPX4 alleles [65] . In this model parvalbumin-positive GABAergic interneurons were identified as the specific neuronal subtype requiring selenium-containing GPX4, thus representing the limiting factor for mammalian life [66] . In kidney, using crystal (oxalate)-and folic acid-induced acute kidney injury (AKI) models as well as a genetic model of tamoxifen-inducible whole body GPX4 deletion, unequivocal evidence on the occurrence of necroinflammation in ferroptotic tissue has been provided ( Table 1 ). In tamoxifen-induced Gpx4 fl/fl_RosaCreERT2 mice, massive kidney tubular cell death caused acute renal failure and early death of knockout mice [15] . On the electron microscopy level rupturing cells can be observed releasing cell debris, mitochondria and even nuclei into the lumen of kidney tubules (Fig. 2) . Although not formally shown for cells dying through ferroptosis, this is most likely linked to the release of classical DAMPs such as ATP, as known for other forms of AKI [67] . In the ferroptotic tissue, a marked activation of macrophages was noticeable as determined by F4/80 immunoreactivity [15] . In the crystal-induced mouse model of AKI, expression of proinflammatory cytokines and the infiltration of neutrophils into the damaged tissue were shown to be dampened by Fer1 [44] . Likewise, Fer1 suppressed the upregulation of pro-inflammatory markers, such as monocyte chemotactic protein 1 (MCP-1), TNFα, F4/80 and Fn14 (Tnfrsf12a, tumor necrosis factor receptor superfamily, member 12a), the latter belonging to the superfamily of TNF receptors [68] . And as detailed below, it seems that necroptosis, as evidenced by an upregulation of canonical players of this form of regulated necrosis, secondary to the primary damage inflicted by folic acid further aggravates the damage occurring during AKI [69] . The contribution of known features of ferroptosis including the presence of certain peroxidized lipids and perhaps products of arachidonate metabolism to the process of necroinflammation is conceivable but only little, if at all, studied to date [70] . While arachidonate metabolites are well known to modulate inflammatory events in both ways, peroxidized lipids are directly involved in the ferroptotic cell death per se. Yet, they might also play a non-canonical role in the activation of the innate immune system during the early phases of ferroptosis-sensitized cells as detailed in the following.
Arachidonate metabolism controlled by GPX4 and its potential role in ferroptosis
Actually long before the term ferroptosis was introduced and GPX4 established as the central regulator of this cell death paradigm, GPX4 was repeatedly shown to impact on inflammatory conditions by modulating LOX and PTGS activities [71] . Early studies performed from the eighties until the beginning of this century provided evidence that the activities of the arachidonic acid metabolizing enzymes LOX and PTGS are, in fact, controlled by the so-called "peroxide tone" (Fig. 3) . The historical term "peroxide tone" describes the preexisting low level of peroxides and in AKI acute kidney injury, CCL5 (RANTES) CC chemokine ligand 5, GFAP glial fibrillary acidic protein, Iba1 ionized calcium binding adaptor molecule 1, F4/80 adhesion G protein-coupled receptor E1, Fn14 fibroblast growth factor-inducible 14, PV parvalbumin, IL-6 interleukin-6, CXCL-2 C-X-C motif chemokine ligand 2, MCP-1 monocyte chemotactic protein 1, TNFα tumor necrosis factor α particular lipid peroxides in cells [72] , which had been recognized long time ago to increase the activities of the eicosanoid metabolizing enzymes PTGS [73] and LOX [74] . This is based on the fact that PTGS contains heme bound iron (Fe 3+ ), whereas LOX contains non-heme bound iron (Fe 2+ ) in their respective active sites. As both classes of enzymes require iron to be oxidized, in PTGS to yield a ferryl-oxo complex that oxidizes Tyr-385 in the oxygenase active site to produce a tyrosyl radical and in LOX to yield ferric iron, before they can catalyze the incorporation of molecular oxygen into arachidonic acid (PTGS and LOX) and other polyunsaturated fatty acids (LOX), this oxidation is mediated by cellular peroxides.
Since GPX4 dampens cellular peroxide levels, modulation of GPX4 expression levels and/or activity, experimentally or (patho)physiologically, indeed controls the levels of products generated by PTGS and LOX. For instance, the 5-LOX products leukotriene C4 (LTC4) and leukotriene B4 are strongly reduced in RBL-2H3 cells (a neoplastic rat basophile cell line) overexpressing GPX4 Fig. 2 Ferroptotic kidney tubular cells release cell debris and nuclei that in turn activate the innate immune system. Tamoxifen-inducible whole body GPX4 knockout mice die around two weeks after knockout induction due to massive cell death of kidney tubular cells and associated acute renal failure (see Ref. [15] ). Bursting tubular cells release cellular debris including mitochondria (blue arrows) and nuclei into the lumen of kidney proximal tubules (red arrows). F4/80 immunostaining reveals massive activation of macrophages in diseased tissue. Micrographs adopted and modified from Friedmann Angeli et al. 2014 [15] . F4/80 adhesion G protein-coupled receptor E1, TEM transmission electron microscopy Fig. 3 Arachidonate metabolizing enzymes are controlled by the peroxide tone. Oxidation of heme and non-heme containing enzymes PTGS and LOX enzymes, respectively, by cellular peroxides is essential for full activity. Since the GSH/GPX4 node controls cellular lipid peroxides, the entire PTGS/LOX axis is indirectly regulated by this system. GSH reduced glutathione, GSSG oxidized glutathione, LOX lipoxygenase, GPX4 glutathione peroxidase 4, H 2 O 2 hydrogen peroxide, PGG 2 prostaglandin G2, PTGS prostaglandin-endoperoxide synthase, HPETE hydroperoxyeicosatetraenoic acid, (P)LOOH (phospho)lipid hydroperoxide, PUFA polyunsaturated fatty acid [75] , an effect that is not due to a more efficient reduction of hydroperoxyeicosatetraenoic acids (HPETE) to hydroxyeicosatetraenoic acids (HETE) but due to a lowered activity of the 5-LOX enzyme. This phenotype is shared with the PTGS pathway as in the same cell line a strongly suppressed formation of PTGS2-derived prostaglandin D2 (PGD 2 ) was reported [76] . Notably, PTGS2-dependent oxygenation of esterified arachidonic acid as 2-arachidonoylglycerol emerges to be by far more sensitive to the cellular peroxide tone than oxygenation of free arachidonic acids because higher levels of esterified PGE 2 and PGF 2α were observed in 3T3 mouse fibroblasts with suppressed GPX4 expression [77] . This is consistent with the fact that GPX4 preferably acts on lipid hydroperoxides in lipid bilayers. Conversely, depleting cells of intracellular GSH stimulated the synthesis of PTGS and LOX products in the human epidermoid carcinoma cell line A431 [78] , while overexpression impeded arachidonate metabolism [79] .
In the context of ferroptosis, PTGS2 was found to be upregulated in BJeLR cells treated with either RSL3 or erastin and in the corresponding xenograft tumors [16] . Yet, the pan-PTGS inhibitor indomethacin repeatedly failed to rescue from ferroptotic cell death, similar to what was seen in c-Myc/Ha-ras V12 transformed Gpx4 knockout cells [20, 80] . An analogous upregulation of PTGS2 mRNA/protein and its product PGE 2 was detected in keratinocyte cultures and skin epithelium of keratinocyte-specific GPX4 null mice, and consequently celecoxib was shown to partially suppress impaired postnatal hair follicle morphogenesis of knockout mice [81] . Yet, the findings that PTGS inhibitors do not suppress ferroptosis elicited by either ferroptosis inducers or inhibition/genetic deletion of GPX4 indicates that upregulation of PTGS2 in ferroptotic conditions must be seen as a potential pharmacodynamic marker/biomarker for cells undergoing ferroptosis rather than a viable drug target to prevent ferroptosis.
In terms of LOX in the ferroptotic process, the picture seems to be rather complex or even obscure. Early studies suggested that GSH depletion causes 12-LOX and Ca 2+ dependent cell death (now known as ferroptosis) in neurons, which, however, was reasoned just on the use of lipoxygenase inhibitors [82] . Nonetheless, the targeted knockout of 12/15-LOX in mice is protective in models of neurodegenerative diseases, such as ischemic stroke and traumatic brain injury [83, 84] . Later on, our laboratory reported that 12/15-LOX specific inhibitors rescue Tamoxifen-inducible Gpx4 knockout induced cell death in mouse fibroblasts (referred to as Pfa1 cells), and that 12/15-LOX deficient cells are accordingly more resistant to GSH depletion [20] . The inducible knockout of GPX4 in Pfa1 cells also led to higher levels of the LOX intermediary products 5-, 11-, 12-and 15-HETEs consistent with the results described in the foregoing [15] . However, Alox15 (the gene encoding 12/15-LOX) -Gpx4 double knockout mice failed to rescue acute renal failure of GPX4 null adult mice [15] , embryonic lethality caused by the systemic loss of GPX4 [85] , and the defects in the viability of GPX4 deficient T cells [41] . Just male subfertility of mice heterozygous for a non-functional GPX4 allele could be rescued by Alox15-deficiency by a yet not fully understood mechanism [86] . Additionally, concurrent silencing of six LOX isoforms (i.e. ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B, ALOXE3) in the human renal carcinoma cell line G-401 conferred partial rescue against erastin-induced but, intriguingly, not against RSL3-induced ferroptosis [87] . In HT-1080 cells, knockdown of ALOX15B or ALOXE3 alone, however, was sufficient to render these cells resistant against erastininduced ferroptosis. Thus, it seems that the preventive effects towards ferroptosis resulting from the knockout/ knockdown of certain members of the LOX family might be restricted to the mode by which ferroptosis is induced, i.e. cysteine/glutathione depletion versus GPX4 inhibition/ deletion.
Recently, phosphatidylethanolamine binding protein 1 (PEBP1), a scaffold protein known to interact with RAF1 and other kinases, was reported to interact with human ALOX15 and ALOX15B, thereby changing their substrate specificity to yield PE-OOH [70] , which was identified earlier as proximate signal of ferroptotic cell death [21, 23] . The Pratt group has recently challenged a major contribution of LOX to the ferroptotic process. While overexpression of three selected LOX isoforms (ALOX5, ALOX12, and ALOX15) in HEK293 cells sensitized cells to erastin-induced cell death, incubation of cells with deuterated arachidonic acid (d-AA) at the respective positions (according to LOX specificity) did not rescue from ferroptosis [24] . Only when cells were incubated with d6-AA where all bis-allylic H-atoms were replaced with deuterium, cytoprotection was achieved in line with the large kinetic isotope effects shown for hydrocarbon autoxidation. Interestingly, many of the known "LOX-specific" inhibitors indeed rescued from RSL3-induced ferroptosis, but this could be solely attributed to their general radical-trapping antioxidant activity (RTA) and not to their "specific" inhibitory action towards LOX function. From this study one may conclude that LOX kickoff lipid peroxidation, although the bulk lipid peroxidation is derived from non-enzymatic lipid autoxidation [25] .
It is tempting to speculate that LOX, beyond their role in oxygenating esterified PUFAs as signals of the ferroptotic death process, also indirectly contribute to ferroptosis by alerting innate immune cells by LOX-derived pro-inflammatory factor metabolites including leukotrienes (e.g. LTB4, LTB4, LTC4, LTD4, LTE4), HETEs and oxoeicosanoids (Fig. 4) . This could be plausible as impaired GPX4 function for instance in response to moderate GSH depletion allows higher LOX activity due to the higher peroxide tone in cells. Innate immune cells, such as neutrophils and macrophages, attracted by this mechanism might then secrete pro-inflammatory factors including TNFα, which was shown to have an adverse impact on GPX4 stability [88] . In addition to this "priming" of the immune system, bursting ferroptotic cells release pro-inflammatory danger signals (i.e. DAMPs). Cells of the innate immune system then engage PTGS and/or LOX enzymes to perpetuate a state of inflammation by secreting leukotrienes, hepoxilins etc. and eventually factors that allow resolution of inflammation by secreting resolvins and lipoxins. Such an autoamplification loop in tissue injury and organ failure has been proposed to occur also in the context of other immunologically non-silent forms of non-apoptotic cell death including necroptosis [5] . It thus follows that the spatiotemporal expression and activation of enzymes of the LOX family and PTGS in damaged tissues and in innate immune cells during sensitization towards ferroptosis and upon the release of DAMPs is likely multilayered involving many cell non-autonomous events, which, however, still need to be uncovered.
Conclusion
Accumulating evidence suggests that cells dying by ferroptosis secrete factors that strongly activate the innate immune system as shown in several pathological and genetic models of ferroptosis in vivo. So far, studies have mainly focused on two organs, i.e. kidney and brain, where ferroptosis emerges to be the root cause of tissue demise. Neuroinflammation determined by staining for reactive astrogliosis and activated microglia and necroinflammation in kidney by increased infiltration rates of neutrophils and macrophage activation have been repeatedly demonstrated, although additional factors including DAMPs and arachidonate products causing necroinflammation remain to be discovered and validated. A detailed knowledge would not only allow to better delineate the sequel of events of cellautonomous versus non-autonomous effects during ferroptosis, but also might help to establish biomarkers for an improved study of ferroptosis in pathological contexts in humans. Moreover, recent data now indicate that different forms of cell death can be indeed triggered in the same tissue for instance in response to crystal-or folic acid induced AKI. In the latter, such a scenario was indeed shown recently: Ferroptosis induced by folic acid is the primary form of cell death causing secondary upregulation of components of the necroptosis machinery, which in turn further aggravates tissue detriment [69] . Since the activation of ferroptosis in the context of cancer is a highly attractive and hopefully powerful way to eradicate certain tumor entities, it remains to be shown whether cancer cells dying by this form of cell death elicit an adaptive immune response, as evidenced for instance for necroptotic cell death [89] .
In conclusion, the study of necroinflammation in the context of ferroptotic cell death is still in its early phase unlike other forms of regulated cell death. Yet, a deeper molecular understanding of this largely untouched but Fig. 4 The GSH/GPX4 and LOX/PTGS systems may modulate the ferroptotic process on several levels. Since GPX4 and LOX (PTGS) are not only directly involved in the ferroptotic process by determining the levels of peroxides in ferroptosis-relevant phosphatidylethanolamine-containing arachidonic and adrenic acids (left), but also in the generation of HPETEs, HPODE (and its further downstream products) and prostaglandins (right), they may also contribute to the early process of innate immune cell activation. This in turn could spark a vicious cycle by negatively impacting on GPX4 expression levels. AA arachidonic acid, AdA adrenic acid, ACSL4 acyl-CoA synthetase longchain family member 4, GPX4 glutathione peroxidase 4, H 2 O 2 hydrogen peroxide, HPETE hydroperoxyeicosatetraenoic acid, HPODE hydroperoxylinoleic acid, LOX lipoxygenase, LPCAT lysophosphatidylcholine acyltransferase, (P)LOOH (phospho)lipid hydroperoxide, PE phosphatidylethanolamine, PTGS prostaglandinendoperoxide synthase, TNFα tumor necrosis factor α obvious link will undoubtedly lead to novel therapeutic concepts not only by inhibiting necroinflammatory events to mitigate tissue damage in degenerative disease, but also to mount an adaptive immune response for the targeted elimination of residual, treatment-resistant cancer cells.
